The present study describes a downflow microaerophilic fixed film (DFMFF) reactor based treatment of dye house effluents. The major characteristics of the two effluents E-2 and E-5 under study were; chemical oxygen demand (COD) 4680-16,266 mg L −1 , biological oxygen demand (BOD) 1575-3151 mg L −1 and American Dye Manufacturers' Institute (ADMI) color index of 10,794-21,413. DFMFF reactor was packed with ultra-high molecular weight polyethylene (UHMWPE) shredding. The developed consortium was allowed to grow and form bio-film on packed UHMWPE. Degradation of the effluents at a various hydraulic retention time (HRT) and organic loading rate (OLR) was studied. Batch mode studies in the reactor showed > 80% removal of BOD and COD at OLR of 4.3 kg L −1 day −1 of E-2 and 2.4 kg L −1 day −1 of E-5 at 48 h HRT. Fourier Transform Infrared Spectroscopy (FTIR) and High Performance Liquid Chromatography (HPLC) analysis confirmed biodegradation and obtained results indicated significant induction of oxidoreductive enzyme activities of azoreductase, NADH-DCIP reductase and laccase enzymes. Reduction in phytotoxicity and microbial toxicity was observed after the treatment of both the effluents. The reactor was also operated on continuous mode for treatment of E-2 under sequential anaerobic-aerobic phase and charcoal treatment. Results of sequential effluent treatment resulted in a reduction of > 99% of COD, BOD and ADMI along with > 88% of solids removal from the effluent. The resulting effluent was clear and meets the discharge criteria so as to release into the sewers.
Introduction
Dye-containing wastewater is one of the most concerned wastes as they pollute the area where they are discharged by increasing their toxic effects on the living beings in the vicinity (Venkata Mohan et al. 2004; Katuri et al. 2009; Kurade et al. 2019) . Moreover, the dense coloured wastewaters from dye manufacturing industries need more concern as the number of toxic chemicals and colour is very high. Use of various wastewater treatment agents such as UV, H 2 O 2 , ozone, along with conventional physicochemical treatment methods have not proved effective for the treatment of coloured wastewaters due to their high operating costs and generation of huge amount of sludge (Davies et al. 2005; Frijtersa et al. 2006) . Therefore, bioremediation is an attractive option which offers an eco-friendly treatment alternative for the development of sustainable treatment technology (Pandey et al. 2007 ). Most of the bioremediation studies are reported with pure cultures, but large scale work may not be possible with this method as a large amount of effluent cannot be sterilized and in the reactor it is not economical to maintain the aseptic conditions. Instead, the use of consortium based system can Electronic supplementary material The online version of this article (https ://doi.org/10.1007/s4239 8-019-00057 -1) contains supplementary material, which is available to authorized users.
detoxify the pollutants and can be useful at large scale process (Dafale et al. 2008; Cervantes and Dos Santos 2011; Costa et al. 2018) .
Reactor scale treatments using fixed or suspended growth system were studied with different types of reactor configurations (Khelifi et al. 2008) . However, the fixed film treatment system showed more potential in terms of treatment efficiency. Fixed film bioreactor has been operated for different types of dye containing wastes and found more efficient in removal of toxic compounds as they can retain biomass, remain stable at increased organic load, have high stability as biofilm formation becomes a barrier against inhibitory load of compounds and can maintain slow growing organisms (Keharia and Madamwar 2003) . Further, the anoxic and aerobic zone could be provided by biofilm to facilitate complete mineralization of contaminants (Venkata Mohan et al. 2012) .
Keeping these benefits of reactor-based treatment, a downflow microaerophilic fixed film (DFMFF) column reactor was designed and used for the treatment of actual dye house wastewaters with the help of a biofilm generated from a developed bacterial consortium on the packing material used. Initial optimization studies were carried out at shake flask level before going for the reactor scale treatment.
Materials and methods

Effluents, chemicals and media
Two industrial dye house effluents (DHEs) E-2 and E-5 were procured from dye house industries located in GIDC industrial estate, Vatva, Gujarat, INDIA. The characteristics of inlet effluents were determined using the methods described by Eaton et al. (1998) . Reactor treatment of effluents was carried out using Bushnell and Haas medium (BHM) containing (g L −1 ): K 2 HPO 4 : 1.0, KH 2 PO 4 : 1.0, NH 4 NO 3 : 1.0, FeCl 3 : 0.05, CaCl 2 : 0.02, MgSO 4 : 0.2 supplemented with 0.5% (w/v) yeast extract. All chemicals used in the study were of analytical grade from HiMedia Laboratories, India.
Bacterial consortium
A bacterial consortium was comprised of five indigenous bacterial strains selected on the basis of their decolourization and degradation efficiency for 18 different metal complex acid dyes (MCADs) reported earlier (Patel et al. 2017a, b) . In brief, the consortium was enriched and maintained in BHM containing 0.5% (w/v) yeast extract and 50 mg L −1 of a mixture of MCADs as mentioned in the earlier report (Patel et al. 2017a, b) .
Reactor configuration and scanning electron microscopy (SEM)
The specifications and design of DFMFF reactor used in this study are summarised in Fig. 1 . The reactor was packed with ultra high molecular weight polyethylene (UHMWPE) shredding as support for biofilm development. The reactor packing material was collected from control and test columns on 1st day (A and A1) and 60th day (B and B1), respectively and fixed with 4% (v/v) glutaraldehyde. The collected packing materials were washed with phosphate buffer. Further, the packing material was dried, coated with gold and subjected to SEM analysis using LEO-440i, Germany (Balapure et al. 2015; Kashefi et al. 2019 ).
Optimization of operating conditions and organic loading rate
The activated bacterial consortium was inoculated to the reactor along with 1:5 (v/v) diluted effluents. Decolourized effluents were replaced at a regular interval of 96 h with fresh effluent for 30 days to allow biofilm development. After achieving stable decolourization at a fixed effluent retention time, the reactor was run for process optimization in batch mode. Organic loading rate (OLR) was optimised by adding a variable volume of the diluted effluents as well as changing the hydraulic retention time (HRT) for both the effluents. Inlet and outlet effluents were analysed regularly for their pH, alkalinity, ADMI, COD, BOD, total solids (TS), total dissolved solids (TDS), total suspended solids (TSS) and metal contents.
Analytical methods
Untreated and treated effluents were centrifuged at 10,000 g for 10 min and supernatants were subjected for further analysis of physicochemical parameters and biodegradation.
Physicochemical analysis
Physicochemical parameters such as pH, alkalinity, total organic carbon (TOC), BOD, COD, TS, TDS and TSS were analyzed according to the methods described by Eaton et al. (1998) . Decolourization of effluents was measured by calculating ADMI value using tristimulus method (Allen et al. 1973) and comparison of UV-Vis spectra. Metal concentration was measured using Atomic Absorption Spectrophotometer (Elico, India).
Analysis of biodegradation
Untreated and treated effluents from the reactor were extracted using a double volume of ethyl acetate and dried 1 3 on a rotary vacuum evaporator. Obtained metabolites were subjected to FTIR and HPLC analysis. FTIR analysis was carried out in the range of 400-4000 cm −1 with the scan speed of 16. HPLC analysis was carried out on LC solutions (Shimadzu, Japan) using methanol: water (70:30) with a flow rate of 1 mL min −1 and run for 15 min in a C18 reverse phase column (250 mm × 4.6 mm, 5 mm) on isocratic mode.
Preparation of cell-free enzyme extract and enzyme assay
Bacterial cells were separated from treated effluent from the reactor by centrifugation at 10,000 g for 10 min. The harvested cell pellet was suspended in 50 mM potassium phosphate buffer (pH 7.2) and subjected to cell disruption by sonication (Sartorius, Germany) keeping the sonicator output at 60% with eight strokes, each of 30 s with 2 min interval. Centrifugation at 10,000 g for 20 min at 4 °C was carried out to separate cell debris and the supernatant was used as a source of intracellular enzyme fraction. Enzyme assays were performed in triplicates for statistical validation of the data.
Enzyme extracts were subjected for measurement of azoreductase as per the method described by Zimmermann et al. (1982) . The assay system included 50 mM potassium phosphate buffer pH 7.4, 50 µM NADH, 152 µM methyl red and 500 µL of enzyme solution. The reduction in absorbance was measured at 430 nm after addition of NADH. NADH-DCIP reductase assay mixture consisted of 5 mL reaction mixture containing 50 µM DCIP (dichlorophenolindophenol) substrate, 50 µM NADH in 50 mM potassium phosphate buffer (pH 7.4) and enzyme solution. The DCIP reduction was monitored at 591 nm using molar extinction coefficient of 19 mM cm −1 (Patel et al. 2017a, b) . One unit of reductase enzyme activity was defined as the amount of enzyme required to reduce 1 µM substrate min −1 . Laccase assay was with 2, 2′-azinobis-(3-ethylbenzothiazoline-6-sulfonate) (ABTS) substrate oxidation, which increases the absorbance at 420 nm. The reaction system contained 10% ABTS in 4.8 pH acetate buffer with 200 µL enzyme extract (Agrawal et al. 2014; Patel et al. 2017a, b) . Lignin peroxidase reaction mixture contained 10 mM n-propanol, 250 mM tartaric acid and 20 mM H 2 O 2 . Formation of propanaldehyde was measured at 300 nm in a 3 pH system with a total volume of 3 mL (Kalyani et al. 2008) . Tyrosinase reaction mixture contained 20 mM sodium acetate buffer and l-tyrosine substrate. The activity was started by adding an enzyme solution to the reaction mixture, which increased the absorbance unit (Kadam et al. 2011) . One unit of oxidative enzyme is defined as the amount of enzyme required to increase the 1.0 absorbance unit under the standard assay conditions. 
Toxicity study
Phytotoxicity
Phytotoxicity was studied on Vigna radiata at room temperature. Ten seeds each of V. radiata were treated separately with 5 mL of the effluent, metabolites obtained after degradation of effluents and control (distilled water) in three separate systems. Seed germination, length of plumule and radical was recorded after 10 days from all the three systems (Patel et al. 2015) .
Microbial toxicity
Microbial toxicity was checked against two different microbial cultures, Pseudomonas aeruginosa (KM406424) and Staphylococcus aureus (ATCC 6538) procured from departmental culture collection, by standard well plate assay for the untreated and treated effluent along with control (Patel et al. 2017a, b) .
Sequential mode treatment of effluents
After batch mode optimization, the DFMFF reactor was operated as a continuous mode at optimized OLR for 30 days and the treatment efficiency was measured at regular interval. The effluents treated under microaerophilic treatment were further subjected to sequential aerobic treatment followed by final treatment of various types of charcoal powders. For the final treatment wood charcoal, fossil charcoal and activated charcoal were used at different concentrations of 0-1.5% w/v for 0-24 h of contact times. Optimized combination of charcoal treatment was selected for further use. Reduction in ADMI value, COD, BOD and solids were analysed as a measure of reactor treatment efficiency.
Results and discussion
Effluent characteristics
Effluents E-2 and E-5 showed diverse physicochemical characteristics as they were from two different industries manufacturing different dyes (Table 1 ). The analysis of E-2 showed pH 5.74 and ADMI value was 21,413 along with 1664, 4680, 3151 and 46,284 mg L −1 of TOC, COD, BOD and TDS, respectively. In the case of E-5, pH was 8.48, ADMI value was 10,794 and TOC, COD, BOD and TDS were 6400, 16,266, 1575 and 111,090 mg L −1 , respectively. High ADMI of effluent E-2 as compared to E-5 indicated the presence of more concentration of dyes (i.e. coloured compounds) in E-2. However, higher TOC, COD and TDS and lower BOD values of E-5 indicated the presence of more soluble pollutants other than dyes in E-5, which could not be easily biodegradable. Even in terms of the presence of metals, E-2 and E-5 are quite different which indicates the presence of different types and quantity of metal complex dyes.
Characterization of the bacterial consortium
The bacteria present in the consortium were strains of Pantoea ananatis (KM502538), Bacillus Fortis strain E4 Pb3 (KM502537), Alcaligenes faecalis (KM502541), Brevibacillus parabrevis strain GRG (KM502542) and Bordetella trematum (KP751929). During the treatment apart from these added cultures, native flora present in the waste could also have been activated in the reactor. Hence, a complex bacterial consortium was developed in the reactor which led to the treatment of industrial effluents.
Scanning electron microscopy
Packing material (UHMWPE shredding) obtained from DFMFF reactor after biofilm development was analysed at two magnification levels (5 and 10 KX) and the results are presented in Fig. 2 . UHMWPE shredding provided a large surface area along with rough surface for biofilm development. Biofilm on the packing material showed a heavy growth of bacterial biomass. A heterogeneous population of microbial cells was seen attached throughout the surface of the packing material, collected on 60 th day from the day of start of the column. The consortium added for the treatment contained five selected organisms (as mentioned in materials and methods) and the organisms present in the effluents, could be responsible for the heterogeneous population in the biofilm. The microbial population present in the biofilm was responsible for the reduction of BOD, COD and ADMI from the effluent.
Optimization of organic loading rate (OLR)
Removal of COD, BOD, ADMI and solids after batch mode treatment of DHEs at various OLR is presented in Fig. 3 . Analysis for both the DHEs showed the inversed proportional relationship between OLR and removal of COD, BOD, ADMI and solids. In case of E-2, removal of > 85% COD and BOD was maintained till the OLR increased from 2.2 to 4.3 kg COD L −1 day −1 beyond which decreased COD and BOD removal efficiency was observed (Fig. 3a) . However, more than 81% ADMI removal efficiency was recorded up to OLR of 11.5 kg COD L −1 day −1 , which decreased significantly thereafter (Fig. 3a) . In case of E-5, more than 95% BOD and > 75% COD removal efficiency was observed only up to OLR of 2.4 kg COD L −1 day −1 beyond which efficiency was reduced (Fig. 3b) . In the case of uninoculated reactors with lowest OLR (1.2 and 2.2 for E-5 and E-2, respectively), the BOD and COD removal were less than 15 and 20% in E-5 and E-2, respectively. This observation also indicates higher toxicity of E-5 as compared to E-2 on the consortium added for the treatment. This could be due to the more amount of Cr and TDS present in E-5 as compared to E-2. The reduced efficiency and increased toxicity in the reactor at high OLR due to higher organic load is reported by Khelifi et al. (2008) . A similar trend was also observed by Balapure et al. (2015) where treatment efficiency was reduced by 42.5% upon reduction in HRT from 12 to 6 h. Drastic reduction in COD removal from 79.9 to 29.4% was observed by Isik and Sponza (2005) when reactor HRT was reduced from 100 to 6 h using up-flow anaerobic sludge blanket reactor. Similarly, reactor deactivation was observed by Martinez et al. (2013) when the concentration of Reactive red two was increased from 75 to 100 mg L −1 after 120 days of operation probably due to dye toxicity.
Biodegradation analysis
Biodegradation of effluents was confirmed on the basis of UV-Vis spectra (Fig S1) , FTIR spectral analysis (Table 2  and Table S1 ) and HPLC elution peak profile analysis (Table 3 and Table S2 ) at studied HRTs.
UV-Vis spectra of effluents showed the disappearance of peaks for the biodegraded DHEs in the visible region of the spectrum suggesting biodegradation and confirmation of decolourization as well as ADMI removal.
FTIR spectra of untreated effluents showed a characteristic peak profile indicating the presence of aromatic ring structure and presence of nitro-and sulfo-group. This indicated the presence of sulfonated azo dyes along with other compounds. Changes in the peak profile were seen after treatment at various HRT indicating sequential progress of degradation. Moreover, the absence of certain peaks indicated breakage of bonds along with changes in the vibration frequencies of some bonds, which may lead to further degradation of dyes present in both the effluents. Degradation of both the effluents was noticed in the fraction collected from the initial 6 h HRT. The absence of some of the peaks found in the untreated effluents indicated the degradation even at the lower HRT. Peak frequencies in the range of 1022.2 to 1664.4 cm −1 increased in numbers till 48 h HRT and after that number of peaks in this range was found to be reduced. Similarly, peaks indicating C-O bond stretching increased in numbers till 48 h and after 72 h of incubation reduced number of peaks were recorded for both the effluents. The absence of peaks at 1593.1 and 1512.1 cm −1 indicated azo bond breakage at 6 h HRT from E-2 and E-5, respectively. Moreover, peak frequencies at 1031.9, 1487.0, 590.2, 530.4 cm −1 and 1733.9, 1033.8 cm −1 were absent at 6 h HRT and onwards for E-2 and E-5, respectively. Further, the formation of new peaks were found at 1635.5, 1411.8, 1388.8, 1022.2, 497.6 cm −1 in the degraded fractions. The presence of aliphatic bond frequencies in the lower frequency zone between 400 and 800 cm −1 increased in numbers indicating ring fission of aromatic compound to aliphatic molecules. This indicated changes in native compound structure and bond position due to degradation and formation of respective new molecules. Generation of -OH, -CH, -CH 2 , -CH 3 , -NH, -CN, -C=N and C=O groups after degradation of crystal violet are reported by Cao et al. (2019) based on the FTIR analysis. Production of aromatic amines after degradation of Carmoisine by S. cerevisiae is confirmed by Kiayi et al. (2019) . With the help of FTIR analysis, Sinha et al. (2018) have shown the generation of non-toxic metabolites and degradation of dyes containing effluents by Candida sp. VITJASS.
Analysis of HPLC spectra showed that control HPLC peaks of E-2 and E-5 were characteristically different in terms of size, area and retention time (RT) as compared to the metabolite fraction of both the effluents. In case of E-2, peaks at 2.001 and 2.643 min RT were the major peaks which were found in the degraded fraction of 6, 24 and 48 h HRT with little shifting with simultaneous formation of new peaks in the range of 1.981-6.023 min. Degraded metabolite fraction of E-2 at 72 and 96 h HRTs showed many new peaks at varying RTs including peaks ranging between (0.817-8.339 min) and complete disappearance of major control peaks. Analysis of RT peaks of E-5 revealed that major peaks found in the control fraction of effluent (1.548, 1.800, 2.020, 2.699, 2.777, 2.907, 4.838 min) were shifted very less in the degraded fraction of effluent. However, emergence of some of the new peaks was found at various HRTs including 2.892, 3.253 and 4.325 min at 6 h HRT, 3.231, 3.485 and 4.326 min at 24 h HRT, 3.247, 3.519 and 4.342 min at 48 h HRT, 3.244, 3.524 and 4.338 min at 72 h HRT and 2.389, 2.896, 3.236, 3.502 and 4.343 min at 96 h HRT confirms the structural transformation of effluent molecules after biodegradation of effluent. Work by Cao et al. (2019) and Sinha et al. (2018) also supports the use of HPLC analysis data to elucidate biodegradation of crystal violet and textile effluent as well as the generation of nontoxic metabolites.
Study of enzyme induction at optimum effluent retention time
Oxidative (tyrosinase, laccase, lignin peroxidase) and reductive (azoreductase, NADH-DCIP reductase) enzyme activities were measured for both the effluents against respective control (Table 4) . Induction of intracellular azoreductase and NADH-DCIP reductase were 650% and 474-495%, for, E-2 and E-5, both, respectively. Similarly, 384 and 359% intracellular activity of tyrosinase was recorded for E-2 and E-5, respectively. No extracellular activities were detected for these three enzymes. Moreover, laccase and lignin peroxidase activities were detected in intracellular as well as extracellular fractions. However, extracellular enzyme activities were lower than the intracellular enzyme activities for both the enzymes. Intracellular laccase and lignin peroxidase enzymes induced in the range of 630-710%, 348-355%, whereas extracellular enzyme induction was in the range of 100 to 200% and 228-299%, respectively. The induced activity of azoreductase, NADH-DCIP reductase, lignin peroxidase, tyrosinase and laccase was found while degradation of dye house effluent by bacterial consortium TSR (Patel et al. 2015) . Similarly, Jadhav et al. (2010) observed induction of azoreductase and laccase during degradation of textile effluent by bacterial consortium DAS. Overall enzyme induction was found better in E-2 as compared to E-5 (Table 4 ) indicated higher toxicity of E-5 than that of E-2 which could be due to high pH, TDS and Cr in E-5 compare to E-2.
Comparison of effluent toxicity before and after treatment
Phytotoxicity and microbial toxicity of both the effluents were found to be reduced after treatment (Table 5) . Untreated E-2 was found highly toxic showing no seed germination whereas only 20% seed germination was observed in case of E-5, whereas, the toxicity of degraded effluents was reduced at a considerable level showing 70 and 90% seed germination as compared to control, respectively. Further, inhibition of root and shoot growth of both the effluents was reduced from 76 to 96% and 61 to 63% for E-2 and E-5, respectively, as compared to distilled water control. Reduction in phytotoxicity on Phaseolus mungo of the textile effluent after biodegradation is reported (Sinha et al. 2018 ). Microbial toxicity of both the effluents was found reduced after treatment. Untreated effluents showed inhibition zone in the range of 20-24 and 29-32 mm, whereas treated effluents showed a reduction in inhibition zone size in the range of 14-16 and 18-21 mm in case of E-2 and E-5, respectively. This corresponds to 30-33% and 34-38% reduced toxicity of treated E-2 and E-5 as compared to untreated effluents towards P. aeruginosa and S. aureus, respectively. The decrease in microbial toxicity is observed by Agrawal et al. (2014) after biotransformation of AB210 using Providencia sp. SRS82. The presence of high TDS could be responsible for enhanced microbial toxicity, whereas the presence of metal ions may be responsible for higher phytotoxicity.
Sequential treatment of effluent
Sequential effluent treatment where microaerophilic treatment at a fixed HRT of 22 ± 2 h followed by aerobic treatment for 18 ± 2 h and final treatment using powdered activated charcoal resulted in > 99% reduction of BOD, COD, ADMI value and > 88% removal of solids from the effluent.
The results of the optimization of charcoal treatment are given in Fig. 4a-c . The results showed that activated charcoal was the best among all types of charcoal which require 1 h of contact time at 0.75% (w/v) to remove nearly 94% ADMI removal along with BOD, COD and solids from the effluent after microaerophilic-aerobic sequential treatment. Activated charcoal is reported for faster and higher sorption ability due to larger surface area and more reactive groups (Iqbal and Ashiq 2007 ) as compared to the other two types of charcoal used in the study. Further, charcoal reuse showed nearly 84 and 63% ADMI removal in the second and third cycle, respectively.
The sequential microaerophilic-aerobic effluent treatment followed by charcoal treatment showed negligible left out ADMI, BOD, COD and solids (Fig. 5 ) which could be due to partial degradation of dyes present in the effluent under 
Conclusion
The developed consortium was found to be potential for the treatment of a range of dye house effluents at flask scale. This potential was exploited for the treatment of two representative dye house wastewaters at reactor level. The consortium developed an efficient biofilm on the reactor packing material which showed a reduction of BOD, COD, TOC, ADMI and metal content along with toxicity of both the effluents. The enzyme induction pattern, FTIR and HPLC spectral profile of both the effluents confirmed the biodegradation of both the effluents using the DFMFF bioreactor treatment technology. Sequential microaerophilic-aerobic treatment followed by charcoal treatment resulted in complete decolourisation of E-2 and removal of COD, BOD as well as ADMI values, this research insight has a possibility to be used for industrial scale treatment of dye house wastewater for maintaining the sustainability of receiving ecosystems.
